INTRODUCTION
The synthesis of cellular stress (heat shock) proteins is induced in response to a variety Of stimuli which alter the intracellular environment (Kelley & Schlesinger, 1978; Ashburner & Bonner, 1979) . The stimuli include infection with bacteriophage or other viruses (Hightower & Smith, 1978; Peluso et al., 1978; Collins & Hightower, 1982; Drahos & Hendrix, 1982; Nevins, 1982; Notarianni & Preston, 1982; Garry et al., 1983; Khandjian & Turler, 1983; LaThangue et al., 1984) . Although the precise function of the stress response or the stress proteins themselves is unclear, it is thought that the stress response has a protective role, since stressed cells can more readily withstand a subsequent exposure to the agents which induced the response (Li & Werb, 1982; Schlesinger, 1986) . Despite the diversity of conditions which can elicit the stress response, it is likely that a common mechanism forms the basis of the phenomenon. A current hypothesis proposes that the various inducers operate by production of abnormal proteins, which act as the intracellular signal for activation of gene expression. Recent studies have shown that the accumulation of abnormal proteins can activate stress protein synthesis (Ananthan et al., 1986; Okamoto et al., 1986) , and in bacteria one of the stress proteins has been identified as the La protease, which is thought to have a role in degradation of the abnormal species (Goff & Goldberg, 1985) .
It has previously been shown that activation of cellular stress protein gene expression occurs after infection of chick embryo fibroblast (CEF) cells at 38.5 °C with herpes simplex virus (HSV) type 1 (HSV-1) temperature-sensitive (ts) mutants which overproduce immediate early (IE) polypeptides at the non-permissive temperature (Notarianni & Preston, 1982) . Of the mutants used, only tsK, tsD and tsT, which have mutations in the gene encoding the IE polypeptide Vmw175 (Preston, 1981) , induced the response, and this was the first demonstration that HSV can activate cellular gene expression. Subsequent studies have shown that infection with wild-type (wt) HSV type 2 (HSV-2) infection induces the synthesis of minor cellular stress proteins (LaThangue et al., 1984; Kennedy et al., 1985; Patel et al., 1986) , and that the synthesis 0000-7735 © 1987 SGM of these proteins is stably increased in cells transformed by HSV (Macnab et al., 1985) .
Two possible mechanisms for the induction of stress protein gene expression by tsK, tsD and tsT were proposed (Notarianni & Preston, 1982) . The first was that infection with wt HSV-1 induces the stress response, but that the presence of functional Vmw175 inhibits the transcription of stress protein genes, while the second was that the unusually high levels of IE polypeptides produced after infection with tsK, tsD or tsT at 38.5 °C are responsible. In the studies presented here, we investigated these possibilities further by manipulation of infected cell cultures and by the use of an insertion mutant, inl411, which produces a severely truncated form of Vmw175. The results showed that the stress response was induced by the presence of high levels of abnormal Vmw175.
METHODS
Cells and viruses. CEF cells were prepared from 10-to 12-day-old fertilized eggs and used between the third and sixth passage, as described previously (Notarianni & Preston, 1982) . Wild-type HSV-1 and the mutant tsK were both strain 17 and had non-syncytial plaque morphologies.
For the construction of mutant inl 411, shown diagrammatically in Fig. 1 , an eight base pair XbaI oligonucleotide linker (CTCTAGAG) was ligated into the Pvull site of plasmid pGX60, which consists of the HSV-I BamHI y fragment cloned into plasmid pAT153. The Pvull site CAG CTG represents codons 83 and 84 of Vmw175, and insertion of the linker changed the sequence to CAG CTC TAG AGC, resulting in the acquisition of a leucine codon (CTC) followed by an in-frame TAG termination codon in the coding sequences of Vmw175. The BamHI y fragment containing the insertion was then ligated, in the appropriate orientation, to adjacent sequences from fragment BamHI n, delineated by the BamHl y/n junction and the HindlII site in BamHI n. plasmid was introduced into viral DNA by cotransfection with HSV-1 DNA into M65 cells (Davidson & Stow, 1985 Fig. 5 , was performed by incubation of cell monolayers in growth medium containing one-fifth the normal concentration of methionine with [35S]methionine (50 ~tCi/ml) added. Washing of cells to remove cycloheximide and harvesting of cells was carried out as described previously (Preston, 1979a; Notarianni & Preston, 1982) .
Analysis ofpolypeptides. Radiolabelled polypeptides were analysed by SDS-PAGE on gels containing 10~ polyacrylamide and 1 ~ diallyltartardiamide, as described previously (Preston, 1979a) .
RESULTS

Overproduction of IE polypeptides is necessary for induction of the stress response
Infection of CEF cells at 38.5 °C with the HSV-1 mutant tsK results in overproduction of IE polypeptides, failure to synthesize viral early and late polypeptides and induction of cellular stress protein synthesis (Notarianni & Preston, 1982) . These features are illustrated by comparison of lanes l, 2 and 3 of Fig. 2 . Cells infected with tsK (lane 2) showed increased levels of IE polypeptides Vmw175, Vmw110 and Vmw63, as well as Vmw136, an 'early' polypeptide which is synthesized in tsK-infected cells (Preston, 1979 b) . Increased production of three stress proteins, SP1, SP2 and SP4 (approximate molecular weights 90000, 70000 and 25000), was also detectable, and synthesis of the smallest stress protein, SP4, was particularly strongly induced. The pattern of protein synthesis in wt HSV-l-infected cells was very different (lane 3), and it is relevant to note that, as described previously (Notarianni & Preston, 1982) , stress protein synthesis was not induced.
To investigate whether induction of the stress response was the result of overproduction, or merely normal levels, of IE polypeptides, the reversibility of the defect in tsK upon temperature upshiff (Preston, 1979 a; Watson & Clements, 1980) was utilized. Cell monolayers were infected with wt HSV-1 or tsK at 31 °C and maintained for 4 h. During this period at the permissive temperature, early and late polypeptide synthesis occurred, and the progress of the infection was assessed by pulse-labelling a culture from each set of monolayers (Fig. 2, lanes 4, 5 and 6 ). It was found that the viral polypeptides synthesized by wt HSV-1 and tsK-infected cells were similar, and therefore that an equivalent stage of infection had been reached. Monolayers were then transferred to 38.5 °C which converts Vmwl75 to its inactive form in tsK-infected cells, resulting in the re-establishment of the IE pattern of transcription. One group from each set was subjected to the temperature increase without inhibitors, so that overproduction of IE polypeptides occurred in the tsK-infected cell cultures, and another group was subjected to the temperature increase in the presence of cycloheximide. In the latter group, Vmw175 in tsKinfected cells was converted to the non-functional form but overproduction of Vmw175 itself or the other IE polypeptides could not occur. After 4 h at 38.5 °C infected cell polypeptides were pulse-labelled (after removal of cycloheximide, where appropriate).
The results, shown in Fig. 2 , demonstrated that synthesis of stress proteins occurred in tsKinfected cells subjected to temperature increase without inhibitors (lane 14), reaching levels comparable to those found in cells infected with tsK and maintained constantly at 38.5 °C for 4 h (lane 8). Upshift in the presence of cycloheximide, however, strongly reduced the level of response (lane 11). No induction of stress protein synthesis was detected in wt HSV-l-infected cells treated in parallel with the tsK-infected monolayers (lanes 9, 12 and 15), as expected from previous results (Notarianni & Preston, 1982) . To ensure that the manipulations performed in this experiment, which involved the combined use of infection and addition of cycloheximide, did not prevent the stress response from occurring, a control was performed in which cells were treated as in Fig. 2, lanes 13, 14 and 15 , but incubated with a chemical inducer of the stress CEF monolayers were mock-infected (lanes 1, 4, 7, 10 and 13), infected with tsK (lanes 2, 5, 8, 11 and 14) , or infected with wt HSV-1 (lanes 3, 6, 9, 12 and 15). Cultures were pulse-labelled after incubation at 38-5 °C for 8 h (lanes 1 to 3), 31 °C for 4 h (lanes 4 to 6) or 38-5 °C for 4 h (lanes 7 to 9). In samples treated with cycloheximide, cultures were incubated at 31 °C for 4 h, cycloheximide was added and incubation continued for 4 h at 38.5 °C, cycloheximide was removed and the cells were pulse-labelled (lanes 10 to 12). In samples subjected to a temperature increase without inhibitors, cultures were incubated at 31 °C for 4 h, then at 38.5 °C for 4 h and pulse-labelled. Stress proteins (D) and tsK-induced polypeptides ( , ) are labelled.
response, disulphiram, at the time of upshift and addition of cycloheximide. The results (Fig. 3) show that after upshift of mock-infected or tsK-infected cells in the presence of cycloheximide, disulphiram still induced the stress response (Fig. 3, lanes 2 and 4) . Thus, the reduction in stress protein synthesis in tsK-infected monolayers after an upshift in the presence of cycloheximide was not due to the inability of cells to produce a stress response. These experiments, therefore, showed that overproduction of IE polypeptides was necessary to induce the stress response, and that the mere presence of non-functional Vmw 175 at normal levels was insufficient for induction to occur.
Overproduction of wt HSV-1 IE polypeptides does not induce the stress response
The next set of experiments was designed to investigate whether overproduction Of IE polypeptides from wt HSV-l-infected cells, as well as from tsK-infected cells, could induce the stress response. In order to achieve overproduction of IE polypeptides, cells were infected with wt HSV-1 or tsK at 38.5 °C in the presence of cycloheximide. Under these conditions, IE • Vmw175
• Vmw110
• Vmw63 Fig. 3 . Induction of the stress response by disulphiram after subjecting tsK-infected cells to a temperature increase. CEF monolayers were mock-infected (lanes 1 and 2) or infected with tsK (lanes 3 and 4) and incubated at 31 °C for 4 h. Cultures were then treated with cycloheximide (lanes 1 and 3) or cycloheximide plus 0-3 txM-disulphiram (lanes 2 and 4). After 4 h at 38.5 °C, monolayers were washed and pulse-labelled. Stress proteins ([~) and IE polypeptides (1~) are labelled. m R N A s accumulate to high levels (Watson et al., 1979) . After incubation for 3 h, cycloheximide was washed from the cultures and incubation continued at 38-5 °C to allow IE polypeptides to be synthesized from the large amounts of IE m R N A s present. At various times after removal of cycloheximide, this inhibitor was replaced, in order to arrest the cultures at stages when various quantities of IE polypeptides had accumulated in infected cells. After a further 4 h at 38-5 °C, during which time any effects of the IE polypeptides could develop, cycloheximide was again washed from cell monolayers and cultures were pulse-labelled to assess whether stress protein m R N A s had been synthesized during the 4 h period. The results, shown in Fig. 4 , demonstrated that detectable induction of stress protein m R N A synthesis occurred in tsK-infected cells after synthesis of IE polypeptides for 1 h (lane 5), and that the degree of induction was greater at the 1.5 h and 2 h time points (lanes 7 and 9). In contrast, no comparable increase in translatable stress protein m R N A occurred in wt HSV-l-infected cells treated in parallel with the tsKinfected cell cultures (compare lanes 4, 6 and 8 with lanes 5, 7 and 9). Therefore, in cultures treated identically, the stress response was only induced in tsK-infected cells, suggesting that, in addition to overproduction of IE polypeptides, the presence of abnormal, and not wt, Vmw175 was necessary. 4, 6, 8, 10 and 12) in the presence of cycloheximide and incubated at 38.5 °C for 3 h. Cycloheximide was removed by washing and replaced after 0 h (i.e. immediately; lanes 1 and 2), 0.5 h (lanes 3 and 4), 1 h (lanes 5 and 6), 1-5 h (lanes 7 and 8) or 2 h (lanes 9 and 10). After incubation for a further 4 h at 38.5 °C cycloheximide was again removed and cells were pulse-labelled. In one pair of cultures, cycloheximide was continuously present for 7 h, after infection at 38-5 °C, then removed and cells were pulse-labelled (lanes 11 and 12). In another pair of cultures, infection was for 7 h at 38.5 °C without cycloheximide, after which cells were pulse-labelled (lanes 13 and 14). Stress proteins (4) and IE polypeptides (1~) are labelled.
The above interpretation depends upon the assumption that IE polypeptides were overproduced to the same extent in the wt HSV-1-and tsK-infected cells. To test this assumption, cultures maintained in parallel with those used for the experiment whose results are depicted in Fig. 3 were radiolabelled for 2 h after the first removal of cycloheximide. Radiolabelling was performed under conditions in which methionine was present in nonlimiting amounts, so that the polypeptides labelled provided an accurate representation of the polypeptides which accumulated during the 2 h period after removal of cycloheximide. The results, shown in Fig. 5 , demonstrated that approximately equal amounts of IE polypeptides accumulated in wt HSV-1-and tsK-infected cells, and therefore that variation in the levels o f l E polypeptides did not account for the difference in induction of the stress response by the two virus preparations. 4) , infected with tsK (lanes 2 and 5) or infected with wt HSV-1 (lanes 3 and 6). One set of cultures was infected in the presence of cycloheximide and incubated at 38.5 °C for 3 h, cycloheximide was then removed and cells were radiolabelled for 2 h (lanes 1 to 3) . The other set of cultures was infected at 38.5 °C without cycloheximide and radiolabelled from 3 h to 5 h post-infection (lanes 4 to 6). Stress proteins (<~) and IE polypeptides (1~) are labelled.
It appeared, therefore, that both overproduction of IE polypeptides and the presence of abnormal Vmw175 were necessary for induction of stress protein synthesis.
Induction of the stress response by tsK and inl411
It was possible to examine the role of Vmw175 in induction of the stress response further by use of an insertion mutant, inl411, which specifies only a truncated form of Vmw175.
Cultures of C E F cells were infected with tsK or inl411 at various m.o.i, and infected cell polypeptides were analysed after pulse-labelling at 7 h post-infection at 38.5 °C (Fig. 6) . Infection with tsK resulted in the production of SP1, SP2 and SP4, as expected, but this effect was not observed after infection with inl411. The overall levels of the IE polypeptides Vmw110 and Vmw63 synthesized by the two sets of cultures were comparable, although inl411-infected cells synthesized more Vmw63 and slightly less Vmw I 10 than tsK-infected cells. Production of the early polypeptide Vmw136 was also more obvious in inl411-infected ceils.
This experiment therefore confirmed that abnormal Vmw175 was essential for induction of the stress response. 
DISCUSSION
The experiments described here demonstrated that at least two conditions must be met for activation of the major stress response in CEF cells to occur, First, defective Vmw175 must be present and, second, it must be overproduced. No other viral polypeptides in tsK-infected cells could produce the response, but it is possible that abnormal Vmw175 acts in combination with other IE polypeptides, with cellular polypeptides, or with viral structural components. The temperature upshift experiment (Fig. 1) showed that viral early and late polypeptides did not affect the induction of the stress response, since these were present in tsK-infected cells at the time of upshift. This conclusion is in agreement with previous findings, since tsD and tsT produce early and late polypeptides in CEF cells at 38.5 °C but also induce the stress response (Notarianni & Preston, 1982) .
Other published examples of cellular gene activation by HSV were observed after infection with wt virus (LaThangue et al., 1984; Everett, 1985; Kennedy et al., 1985; Patel et aL, 1986) , suggesting that they represent a different phenomenon from that reported here. The induction of the stress response by viruses other than HSV also appears to involve a different mechanism, since wt viruses mediate the effect. This is true of the DNA-containing adenoviruses and papovaviruses (Nevins, 1982; Khandjian & Turler, 1983) , as well as RNA-containing viruses (Hightower & Smith, 1978; Peluso et al., 1978 ; Collins & Hightower, 1982; Garry et al., 1983) . In the case of adenoviruses, the E1A gene product is thought to activate stress protein gene expression by interaction with DNA sequences in the promoter (Kao & Nevins, 1983; Kingston et al., 1984) . Although Vmw175 is, like the E1A gene product, an activator of transcription, it is unlikely that the abnormal Vmw175 synthesized in tsK-infected cells acts directly at this level, since all available evidence suggests that the polypeptide is defective in its normal transcriptional function (Preston, 1979b; Watson & Clements, 1980) . Mutants with deletions in the coding region of the gene encoding Vmw175 have been described by DeLuca et al. (1985) . Two mutants, d120 and d202, with deletions of 4.1 and 0.5 kilobase pairs, respectively, were isolated, and although their polypeptide synthesis patterns were qualitatively similar to those of mutants with ts defects in Vmw175, the degree of overproduction of IE polypeptides was lower. These results led to the suggestion that the defective Vmw175 polypeptide synthesized by ts mutants was involved in overproduction by stimulating the expression of IE gene products. Comparison of the behaviour of inl411 and tsK in CEF cells or BHK cells (E. C. Stow & N D. Stow, unpublished results) did not reveal significant quantitative differences in IE polypeptide synthesis, in apparent contrast to the results of DeLuca et al. (1985) . The reasons for this discrepancy are unclear at present. It may be that the 84 amino acid fragment specified by inl411 possesses some activity, but this is difficult to reconcile with the properties of d202, which was predicted to produce a larger truncated product. It is stated by DeLuca et al. (1985) that d120 and d202 do not induce the synthesis of certain stress proteins in human embryo lung cells, in agreement with the results presented here.
It appears, therefore, that abnormal Vmw175 is responsible for induction of the stress response in tsK-infected cells, in support of the view that the presence of abnormal polypeptides is the signal for induction of stress protein synthesis, and that the stress proteins may have a role in eliminating the polypeptides or neutralizing their damaging effects. The recognition of Vmw175 produced by tsK as 'abnormal' must be a consequence of its overall structure or, possibly, intracellular location, rather than the precise amino acid substitution, since infection with tsD and tsT, which have mutations in a different part of Vmw175 (Preston, 1981) , also induces the stress response. The cellular systems which recognize proteins as abnormal must continue to operate during infection with HSV, since temperature upshift of tsK-infected cells results in the stress response. It will be possible to determine the structural changes in Vmw175 that account for the induction of the stress response by the use of site-directed mutagenesis and construction of virus mutants with specific alterations in the polypeptide. The possibility that abnormal forms of other viral proteins have similar effects should also be investigated.
The findings reported here leave open the possibility that induction of the stress response by HSV might occur during infection in vivo, as it has been reported that natural isolates of HSV-1 frequently possess ts mutations in the gene encoding Vmw175 (Knipe et al., 1981 ; Post et al., 1981) .
